Abstract. Biomass burning is a major source of trace gases and aerosols that can ultimately impact health, air quality, and climate.
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parameterization of trace gas and aerosol formation in biomass burning plumes using the Aerosol Simulation Program (ASP, Alvarado et al., 2015) as a box model. ASP simulates the gas-phase, aerosol-phase, and heterogeneous chemistry of young biomass burning smoke plumes, including the formation of O3 and secondary inorganic and organic aerosol. The ASP box-model parameterization included predicted Normalized Excess Mixing Ratios (NEMR, Akagi et al., 2011) of O3, NOx, PAN, and other trace gases and aerosol species in terms of the fuel type, temperature, latitude, day of year, and starting hour of fire emission.
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Separate parameterizations were built for each fuel type, which included Savannah, Tropical Forest, Temperate Forest, and Boreal Forest. McDonald-Buller et al. (2015) used a subset of this ASP-based parameterization to adjust the chemistry of biomass burning in the Comprehensive Air Quality Model with Extensions (CAMx) and found that this approach reduced the median impact of biomass burning on MDA8 O3 in Texas by 0.3 ppbv, or 15%. However, because the parameterization was fit to the ASP box model, it did not include cross-plume gradients in trace gas and aerosol concentrations, which may be important for accurately 30 simulating non-linear chemistry and partitioning (Garofalo et al., 2019 , Hodshire et al., 2019b Bian et al., 2017) . To account for non-linear cross-plume dilution effects, Sakamoto et al. (2016) used the large-eddy simulation (LES) cloud-resolving model the System for Atmospheric Modelling (SAM; Khairoutdinov and Randall, 2003; Stevens et al., 2012) , coupled with the TwO Moment Aerosol Sectional (TOMAS) microphysics module to parameterize the coagulation of aerosols in biomass burning plumes (Sakamoto et al., 2015; . This parameterization was used in Ramnarine et al. (2019) to investigate the impact of sub-grid 35 coagulation on radiative forcing. However, while the SAM-TOMAS model used by Sakamoto et al. (2016) resolved plume gradients, their study did not include chemistry and phase partition. There remains a need for a modelling system that resolves plume gradients while simulating the chemical and physical processes relevant for air quality and climate.
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To address the need for a dispersion-resolving model with online chemistry, partitioning, and microphysics that can help answer the biomass burning questions described above, we have developed an integrated model of ASP (Section 2.1) coupled with the SAM model (Section 2.2). We have evaluated the performance of the new model, SAM-ASP v1.0 described in Section 2.3, in simulating the measurements of CO, O3, NOy, and aerosols for the Williams Fire in California (Sections 3 and 4). This integrated model is able to simulate both the detailed chemistry, and the horizontal and vertical dispersion affecting the near-source evolution 5 of biomass-burning gas and aerosol chemistry and physics. Model code and inputs are publicly available as described in Section 6.
Models

Aerosol Simulation Program (ASP)
ASP (Alvarado, 2008; Alvarado and Prinn, 2009; Alvarado et al., 2009; uses a sectional aerosol size distribution 10 representation (with the number of size bins adjustable at runtime) and includes modules to calculate aerosol thermodynamics, gas-to-aerosol mass transfer (condensation/evaporation), coagulation of aerosol particles, and aerosol optical properties. ASP has been extensively used to study the chemical and physical transformations of gases and particles within young biomass burning smoke plumes (less than 24 hours) (Alvarado and Prinn, 2009; Alvarado et al., 2009 Alvarado et al., , 2010 Alvarado et al., , 2015 and the optical properties of smoke aerosol (Alvarado and Prinn, 2009; Alvarado et al., 2009 Alvarado et al., , 2015 Alvarado et al., , 2016 . For example, Alvarado and Prinn (2009) used ASP 15 to investigate the aging of biomass burning aerosol from African savannah fires sampled during the SAFARI-2000 campaign (Hobbs et al., 2003) . ASP simulated the growth of the aerosol size distributions in this smoke plume and showed that coagulation had only a minor impact on the biomass burning aerosol growth in the first hour after emission. They also showed that the aerosol single scattering albedo increased in the first hour of aging from 0.87 to 0.90 and that the hygroscopicity of the aerosol decreases with aging, consistent with SAFARI-2000 studies of Magi and Hobbs (2003) and Reid et al. (2005) . Alvarado et al. (2015) 20 evaluated ASP simulations for a fire in California (Williams fire; Akagi et al., 2012) and showed that ASP could accurately simulate most of the observed species (e.g., OA, O3, NOx, OH) using reasonable assumptions about the chemistry of the unidentified organic compounds. This method provides a chemically realistic way for determining the average chemistry of the thousands of organic compounds in the smoke plume, where an approach based on attempting to simulate the oxidation chemistry of each of these compounds would be computationally intractable even if all the parameters were known. The modules of the latest version of the 25 ASP model (ASP v2.1; Alvarado et al., 2015 Alvarado et al., , 2016 used in SAM-ASP v1.0 are briefly described below.
Gas-Phase Chemistry
All gas-phase chemistry in ASP for organic compounds containing 4 carbons or fewer is explicitly resolved following the Leeds The aerosol size distribution in ASP is represented using a moving-center sectional approach (Jacobson, 2002) . The model used here has 10 size bins with the total number of fire-emitted particles derived from multiplying the CO flux (based on measured values) by the ratio of particle number enhancement (number of particles cm -3 ) to CO enhancement (ppb) (ΔN/ΔCO = 23.7 particles cm -3 ppb -1 ). We use a number mean diameter of 0.1 um, and a standard deviation of 1.9 based on the wood smoke study of Grieshop (2015), with the saturation concentration, C*, ranging from 1.0x10-2 to 1.0x106 ug m-3 at 300 K with 9 bins total. Aerosol coagulation is calculated using a semi-implicit scheme (Jacobson, 2005) with a Brownian coagulation kernel.
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Mass transfer between the gas and aerosol phases is calculated in ASP using a hybrid scheme, where the condensation of H2SO4
follows the flux-limited condensation equations while the kinetic condensation/evaporation of organic species are calculated using a Gear algorithm (due to the stiff nature or kinetic OA partitioning across volatilities and particle sizes). However, NH3, HNO3, and HCl are assumed to be in equilibrium (Alvarado and Prinn, 2009). (1) a volume-average dielectric constant mixing rule with BC internally mixed with other species; (2) a core-shell mixing rule, where a spherical, internally mixed BC core is surrounded by a spherical shell of all other aerosol components; (3) the Maxwell
Aerosol Optical Properties
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Garnett mixing rule (Maxwell Garnett, 1904) with BC internally mixed with other species; and (4) an external mixture of BC and the other aerosol components. Mie calculations of aerosol optical properties for each bin of the size distribution are performed within ASP using the publicly available program DMiLay, which is based on the work of Toon and Ackerman (1981) .
SAM
The SAM v6.10.10 model has been used to study aerosol-cloud-precipitation interactions in stratiform and convective clouds 25 (Ovchinnikov et al., 2014; Fan et al., 2009) . The standard SAM model (Khairoutdinov and Randall, 2003, http://rossby.msrc.sunysb.edu/~marat/SAM.html) includes different options of detailed cloud microphysics, as well as coupled radiation and land-surface models. SAM is able to resolve boundary layer eddies, while parameterizing smaller-scale turbulence and microphysics for the LES (vs cloud-resolving) model option. SAM can be driven by reanalysis data that includes large-scale forcings, initial sounding profile, radiation heating rates, and surface fluxes. SAM has the ability to add a large amount of modeled 30 tracer species to the cloud resolving model simulation but does not contain aerosol and chemistry packages.
SAM-ASP version 1.0 2D Lagrangian Model
We coupled ASP to the SAM model to resolve dispersing biomass burning plumes with detailed chemistry and aerosol physics.
The SAM model has been previously been coupled with the TOMAS microphysics module to reproduce observed dispersion and new particle formation in coal-fired power-plant plumes (Lonsdale et al., 2012; Stevens et al, 2012) and to study the coagulation of aerosols in biomass burning plumes (Sakamoto et al., 2016) . The coupling of SAM-ASP v1.0 was performed similar to the coupling of SAM and TOMAS described in Stevens et al. (2012) , and the coupling of ASP to the Cloud Resolving Model (CRM6) described in Alvarado et al. (2009) .
In this project, SAM was configured as a moving, 2D Lagrangian wall oriented normal to the mean wind direction in the layer of 5 smoke injection (between 1200 and 1400 m in our example case shown here) as in Figure 2 from Sakamoto et al., (2016) . Stevens and Pierce (2014) showed that this 2D model configuration does well in simulating SO2 and NOx dispersion in power-plant plumes as compared to airborne measurements. SAM was updated to transport over 600 chemical species calculated in ASP, as well as to communicate the solar zenith angle and initialize gas and aerosol tracer concentrations based on SAM meteorological parameters.
Photolysis rates are calculated in ASP using offline lookup tables generated by the Tropospheric Ultraviolet and Visible (TUV) Additional emission factors not measured, but needed to initialize ASP, were included using emission factors from Table 2 Plume injection height was set between 1200 to 1400 m, as this was the height at which the plume was observed to level off, where 15 a small amount of vertical mixing can be seen as the plume ages.
The NEMR calculations were determined by calculating the average species of interest (X) and CO concentration across the plume, as was done in the measurements. The NEMR (ΔX/ΔCO or ΔX/ΔCO2) is then calculated relative to CO or CO2 since they have relatively long lifetimes for the fire location, low background variability, and there were no other major nearby sources as Figure 2 shows a vertical slice of (looking into) the plume at 1, 2, and 5 hours downwind for ΔCO, ΔO3/ΔCO and ΔOA/ΔCO2, and these results will be discussed in the following sections. Note that ΔCO2 was used to as the NEMR denominator, as in Alvarado et al. (2015) , so as to more easily compare model results.
Gas-phase Simulations
30
The in-plume CO enhancement (ΔCO = COin-plume -CObackground, in ppbv) and NEMRs (Eq. 1) for O3, are shown in Figure 4 . In general, the SAM-ASP results show slightly slower initial dilution than the box model, with the initial increase in OA due to the 2D wall staying over the emission area, thus evaporative driven decreases have not dominated yet. This difference in dilution rate, and thus OA NEMR, is due to dilution in the box being forced to match 15 measurements while in SAM-ASP, the meteorology and initial plume width determine the relative dispersion rate (Alvarado et al., 2015) . Within the first hour after emission, SAM-ASP has less dilution than the box model ( Figure 3a and 4), leading to a higher OA concentration, which in turn leads to less evaporation of OA to intermediate and semi-volatile vapors, explaining the larger OA NEMR for this initial time period. However, SAM-ASP has greater dilution than the box model after 2 hours (though both falling within measurement uncertainties in Figure 3a) , which lead to more OA evaporation in SAM-ASP than in the box model,
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leading to a lower OA NEMR after 2 hours, better matching the measurements. We note, however, that there are considerable uncertainties in the volatility distribution of the simulated POA as well as the SOA chemistry, so there may be multiple ways to improve modeled OA NEMR. The bottom panels of Figure 2 shows that the OA NEMR in the model initially decreases faster than the core, driven by dilution. However, after several hours the OA NEMR at the edges increases, showing that SOA production in those locations is exceeding evaporation in those locations. This initial evaporation followed by net SOA production is consistent 25 with the theoretical studies of Bian et al. (2017) and Hodshire et al. (2019b) ; however, those studies did not explore this behavior in the plume edges versus the core. SAM-ASP will be used in future work to investigate these plume edge versus core differences within field observations.
We also compared the predictions for aerosol size distribution changes between the two models ( Figure 5 ). Note that as no size 30 distribution measurements were taken for this fire, we cannot compare these simulations with observations. The top plot shows the average size distribution of the background air in the SAM-ASP simulation. We again average the SAM-ASP results across grid boxes where CO concentration are above the CO threshold (150 ppbv) in each timestep. Both models suggest that this fire showed little net aerosol diameter growth (bottom two plots), as shrinking due to evaporative losses driven by dilution compensates growth by coagulation and the oxidation (and reduction in volatility) of the organic vapors, consistent with the OA NEMR results above. 
Conclusions
The newly coupled SAM-ASP model allows for a detailed examination of the chemical and physical evolution of fine-scale biomass burning plumes. SAM-ASP is able to simulate the complex, non-linear production of O3 and changes in PM as plumes age. It is able to resolve the cross-plume chemistry, gas-to-particle partitioning, and microphysics that coarser grid-scale CTMs are not able to. Model results indicate SAM-ASP is able to accurately simulate the dilution of CO in a California chaparral smoke 
